The de Gennes' blob model is extensively used in different problems of polymer physics. This model is theoretically applicable when the number of monomers inside each blob is large enough. For confined flexible polymers, this requires the confining geometry to be much larger than the monomer size. In this manuscript, the opposite limit of polymer in nano-slits with one to several monomers width is studied, using molecular dynamics simulations. Extension of the polymer inside nano-slits, confinement force on the plates, and the effective spring constant of the confined polymer are investigated. Despite of the theoretical limitations of the blob model, the simulation results are explained with the blob model very well. The agreement is observed for the static properties and the dynamic spring constant of the polymer. A theoretical description of the conditions under which the dynamic spring constant of the polymer is independent of the small number of monomers inside blobs is given. Our results on the limit of applicability of the blob model can be useful in the design of nano-technology devices.
I. INTRODUCTION
Advances in nanotechnology have enabled investigations of single polymers confined in the nano-scale [1, 2] . This problem has attracted interests due to its applications in the design of nanotechnology devices [3] [4] [5] . It also helps in obtaining more knowledge of polymers confined in biological environments [6, 7] . Besides, it has become possible to check accuracy of the old theories and improve them [8, 9] . Single polymers confined inside nano-spheres [10, 11] , nano-channels [2, 8, [12] [13] [14] and nano-slits (between two parallel plates) [9, [15] [16] [17] [18] are studied.
The most known theory for confined polymers inside nano-channels or nano-slits is the de Gennes' blob model. For semi-flexible polymers, Odijk theory is relevant when the size of the confining geometry, D, is smaller than the persistence length of the polymer, L p [8, 15] . Recently, it is shown that extended de Gennes' theory should be used in the case of semi-flexible polymers when L p < D < L 2 p w [19] . Here, w is the monomer width.
Most of the studies on confined polymers focus on double-stranded DNA, which is a semi-flexible polymer. Recently, single stranded DNA is introduced as a model system for study on flexible polymers [20] . Also, many proteins and synthetic polymers are flexible. For flexible polymers, the only relevant theory is the de Gennes' blob model and it would be useful to better understand its limitations and regime of applicability. The blob model has broad applications in different problems of polymer physics, such as polyelectrolytes [21] , polymers under tension [22] , and polymers adsorbed to surfaces [23] or confined near surfaces unfer external fields [24] .
In the blob model, the confined polymer is divided into smaller sections, called blobs, that have the size of the * nikoofard@kashanu.ac.ir confining geometry, D. Inside blobs, polymer does not feel that it is confined. The number of monomers inside each blob is found from the relations of the self-avoiding walk (SAW) in free space, g ∼
D b
1 ν . Here, ν is the Flory exponent in 3D and b is the monomer size. In length scales larger than the blob size, the polymer (with N real monomers) behaves like an effective polymer with N g monomers of size D. This effective polymer has a SAW in one or two dimensions for a nano-channel or a nano-slit, respectively. The number of monomers inside each blob, g, and total number of the blobs, N g , should be large enough, to be able to use the relations of statistical mechanics for SAW inside or outside the blobs, respectively [25] .
A number of studies on confined polymers are performed in conditions that the above two requirements are not satisfied. It is shown that the blob model is applicable in micro-devices, where the number of blobs is very small [26] . Also in some practical situations, the polymer is confined in severe conditions that the number of monomers inside each blob is very small [27] . Specially in nano-devices for DNA barcoding, full stretching of DNA is required [5] . Computer simulations show that the blob model can explain the statics of a flexible polymer inside narrow channels [12, 14] . However, the polymer dynamics in nano-channels is only described with the blob model when the number of monomers inside each blob is large enough [13, 14] .
In this manuscript, a flexible polymer confined inside a nano-slit is studied using molecular dynamics (MD) simulations. The extreme condition that the number of monomers inside each blob is small is considered. It is shown that our results for the radius of gyration and confinement free energy of the polymer can be explained very well, using the blob model. Despite previous studies (Ref. [16] and references therein), no correction is made to the slit width (distance between the two plates). Agreement between simulation results and the blob model is ob-served even for very narrow slits with 1-2 monomer(s) width. These widths are completely below the regime of applicability of the blob model.
Extension of the polymer inside the nano-slit has fluctuations around its mean value. From these fluctuations, an effective spring constant can be obtained. It is a dynamic variable for the polymer and is a measure of elasticity of the polymer. Our results for the effective spring constant are in good agreement with the blob model, unlike the case of the polymer inside the nano-channel [12] [13] [14] .
This discrepancy is due to the difference between the origins of the effective spring constant of a polymer confined in a nano-channel and a nano-slit. Two factors govern the fluctuations of a polymer confined in a nanoslit: fluctuations in the size of blobs and fluctuations in the self-avoiding walk of the blobs. It is obvious that the latter factor is dominant. However, for a polymer confined in a nano-channel, the blobs are arranged one after the other along the channel. So, fluctuations in the blob size are the only source of fluctuations in the extension of the polymer (see Fig. 1 ). This makes the internal dynamics of the blobs important, in the dynamics of the whole polymer. As a result, it is determining to have the sufficient number of monomers inside each blob, for a polymer confined inside a nano-channel.
In the next section, the statics and dynamics of a flexible polymer confined in a nano-slit is reviewed briefly. In Sec III, our simulation method is described. Results of the simulation and their compatibility with the theory are discussed in Sec. IV. Finally, a summary of the results is presented in the last section.
II. THEORY
Consider a flexible polymer confined between two parallel plates (Fig. 1) . Confinement extends the polymer on the walls, to a radius of gyration larger than its free radius of gyration R g ∼ bN ν . Here, N is the number of monomers of the polymer, b is the monomer size and ν = . This gives the relation between the average extension of the polymer with the total number of monomers and the distance between the plates, .
(
Free energy of confining the polymer is k B T per blob,
The force exerted on the plates is found by differentiating the confinement free energy with respect to D,
The polymer has fluctuations around its average extension. The mean square deviation from the average extension is described by an effective spring constant ∆R
way to calculate the spring constant, k ef f , is to eliminate D between the relations 1 and 2. This gives the free energy as a function of extension. Differentiating the polymer free energy twice with respect to its extension and substituting the equilibrium extension gives a spring constant [8] . This calculation does not give a correct result, because equation 2 is the free energy of the polymer at its equilibrium extension. Indeed, the free energy of the polymer for any desired extension should be used in the calculation. Suppose the two ends of the confined polymer are under tension and it is elongated to the extension R f . Free energy of a two-or three-dimensional polymer with N monomers of size b which is extended to size R f is [25] . ν is equal to 3 5 for 3D and equal to 3 4 for 2D. By differentiating this free energy twice with respect to R f and substituting the equilibrium extension R eq ∼ bN ν , the spring constant is obtained as
. This is in agreement with the relation used in Ref. [28] . Here, the confined polymer is described as an effective polymer with 2 . Substituting for g, we get the spring constant for the confined polymer
In the final relation, R || is substituted from eq. 1. To derive this relation, the confined polymer is simply modeled as an effective two-dimensional polymer composed of blobs and the effect of the external tension is to move the confinement blobs toward a linear alignment. This simple description is valid for small tensions with
). The blob model is accurate when the number of monomers inside each blob, g, and total number of the blobs, N g , are considerable. This is necessary to be able to use statistical mechanics relations for a self-avoiding walk inside and outside the blobs, respectively. The size spanned by a self-avoiding walker in space is proportional to the number of steps to the power of the Flory exponent in two or three dimensions, when the number of steps is large enough. For g to be large enough, the confining geometry (nano-slit or nano-channel) should be much larger than one monomer size.
It is instructive to compare the effect of an external tension on a polymer confined inside a nano-channel or a nano-slit. Prior to tension, the polymer inside the nanoslit arranges its blobs in two dimensions. The effect of the external tension is to move the blobs toward a one dimensional arrangement. However, the blobs of the polymer inside a nano-channel have already lost two degrees of freedom and lie on a one dimensional line. So, the polymer has to stretch its blobs to respond to the external tension. One can conclude that the elasticity of a polymer inside a nano-slit has its origin in the arrangement of the blobs. This is in contrast to the elasticity of a polymer inside a nano-channel which originates from the elasticity of each blob. As a result, to use the blob model for the former case, the number of blobs should be sufficient; but for the latter case, the number of monomers inside each blob is also important.
III. SIMULATION METHOD
We use MD simulations to check the limits of accuracy of the blob model for a flexible polymer confined in a nano-slit. A schematic of the system is shown in Fig. 2 . The polymer is modeled as a bead-spring chain. Monomers of the polymer are connected by the FENE potential,
Shifted-truncated Lennard-Jones is used for the excluded volume interactions between the monomers and between the monomers and the plates,
ǫ and b are the energy and length scales of the simulation. K = 100ǫ and r 0 = 1.5b are used for the FENE potential. The plates are infinite and the closest distance of the center of a monomer to the plate surface is b/2. This means that the spherical surface of the monomer can touch the plate, in agreement with our intuition from a wall (Fig. 2) . In previous studies, the center of a monomers was allowed to touch the impenetrable plate surface [16] . So, it was needed to add the monomer size b to the distance between the walls to compare the results with the blob model. It is important to note that this is not attributed to the finite size of the chains in these simulations. Here, it will be shown that the simulation results for similar chains are in agreement with the blob model, without any corrections in the wall distance.
The equations of motion are integrated using the Velocity Verlet algorithm, with the step size equal to 0.01τ 0 .
is the MD time scale and m is the monomer mass. The system is kept at the constant temperature T = 1.0 ǫ kB , using the Langevin thermostat with the friction coefficient 1.0τ
0 . The simulations are performed using ESPResSo [29] . In our simulations, the nano-slit width is changed from b to 9b. Polymers with 100, 200 and 300 monomers are investigated. For slits with width 3-9b, the monomers are arranged in an initial structure close to a self-avoiding walk. Then, the system is warmed up to remove any overlap between the monomers. For slits with width b and 2b, the monomers are initially arranged on one line. This initial configuration reaches equilibrium in a longer time interval, but it is inevitable because of the very small width of the slits.
All simulations are performed for a total time of 5N 2 τ 0 . Data points to find time averages of the static and dynamic properties of the polymer are collected after the time N 2 τ 0 , in time intervals equal to τ 0 . In all plots, the size of errorbar at each point is smaller than the symbol size.
The radius of gyration of the polymer parallel to the plates is calculated using the relation 2 . X i and X cm are the x components of the positions of the ith monomer and the center of mass, respectively. Y i and Y CM are the corresponding y components. The force on each plate in all steps of the simulation is sum of the Lennard-Jones forces from all monomers interacting with the plate. 
IV. SIMULATION RESULTS

A. Radius of gyration
Radius of gyration of the polymer parallel to the plates versus the theoretical relation in equation 1 is shown in Fig. 3 . All data lie on a single line, in the whole range of parameters studied. This shows agreement between the simulation results and the blob model. Distribution of the monomers in the distance between the plates is shown in the inset of Fig. 3 , for the three narrowest slits. Because of the soft nature of the potential, monomers can penetrate the walls rarely.
To further investigate the correspondence of the simulation results with the theory, exponents α and β in the relation R || ∝ N α D β are obtained from simulation. These exponents are found from the slopes of the log 10 -log 10 plots of the radius of gyration versus the polymer length and the nano-slit width, respectively. As can be seen in Fig. 4 , α is close to the theoretical value even for very narrow slits (1-2b). α is not a decreasing or increasing function of the nano-slit width. So, the small number of monomers inside each blob is not determining in this exponent. The average of α is 0.76, which has %1 deviation from the theoretical value. Fig. 5(a) shows the exponent β for different lengths of the polymer. It is seen that finite size of the chains has no effect on the simulation results. The results are summarized in the relation R || ∝ N 0.76 D −0.25 . For comparison with Ref. [16] , an effective width is defined for the nano-slit by adding a monomer size to the nano-slit width (see Fig. 2 ) in Fig. 5(b) . The exponent β deviates largely from the theoretical value, with this change in the definition of the wall surface.
B. The confinement force
It is not easy to measure the free energy of confining the polymer in the nano-slit. Instead, the force that the confined polymer exerts on the plates is studied in the simulation. The results are compared with equation 3 from the theory. The simulation results for the force are plotted versus the theoretical relation in Fig. 6 . A linear behavior is observed, which shows agreement between theory and simulation.
The exponents γ and ω in the relation f ∝ N γ D ω are obtained from simulation. According to Fig. 7 , deviation in γ from the theoretical value (=1) is less than %1.
In Fig. 8(a) , the value of ω is found from the log 10 -log 10 plot of force versus the nano-slit width. Deviation of the exponent from the theoretical value (-2.7) is less than %8. The simulation results are summarized in f ∝ N 0.99 D −2.9 . Again, to check our definition for the nano- slit width, the exponent ω is found from the log 10 -log 10 plot of force versus D + δ (Fig. 8(b) ). Deviation of the exponent becomes more than %30.
C. The effective spring constant
Fluctuations in the radius of gyration ∆R 2 || can be used to find an effective spring constant for the polymer,
||
. This effective spring constant is a measure of the dynamics of the confined polymer. For example, the relaxation time of the confined polymer is found by dividing the friction coefficient from the solvent to this effective spring constant [15] . The simulation results for the effective spring constant versus the theoretical relation (equation 4) are depicted in Fig. 9 . The linear curve confirms the excellent agreement between theory and simulation. This agreement is observed even when the nano-slit width is very small.
The exponents η and ζ in the relation k ef f ∝ N η D ζ are found from the simulation results. Fig. 10(a) shows the log 10 -log 10 plot of k ef f versus the polymer length. The average slope of the plots is -1.3. This exponent has the largest deviation, %13, among the exponents investigated in this manuscript. The exponent is not a monotonic function of the nano-slit width and it cannot be deduced that an improved agreement between theory and simulation would be observed with increasing the nano-slit width. Dependence of the effective spring constant on the slit width is investigated in Fig. 10(b) . The average of the exponent is 0.48. Although deviation of the average from the theory is around %4, the exponents themselves are not very close to it. Overall, a good agreement between theory and simulation is observed and the simulation results are summarized in the relation k ef f ∝ N Further investigation is needed to explain the larger deviations of the dynamic exponents from theory, relative to the static ones. One can attribute these deviations to the finite length of the chains or insufficient simulation times for equilibration of the dynamic quantities. However, larger fluctuations may be an intrinsic property of the dynamic quantities and persist even in simulations with longer chains and longer run times.
V. SUMMARY AND DISCUSSION
In this manuscript, we checked the accuracy of the de Gennes' blob model for a flexible polymer inside a nanoslit, using MD simulation. Theoretically, the blob model is accurate for wide slits and long polymers. However, we examined the model in the limit of very narrow slits. Nano-slits with widths equal to 1-9 times a monomer size were investigated. Simulation results both for the static properties and the dynamic spring constant of the polymer were in excellent agreement with the theory.
Our results showed that the blob model can describe the effective spring constant of the confined polymer even for very narrow slits. This is in contrast to a recent study on single flexible polymers inside nano-channels. Indeed, the blob model is only applicable for the spring constant of the polymer in nano-channels with at least 10 monomers width. Here, it was explained that this discrepancy is a result of the different origins of the polymer dynamics in the two cases. The internal dynamics of a blob is determining in the overall dynamics of the chain, for a polymer confined in a nano-channel. But, for a polymer confined in a nano-slit, the dynamics is dominated by the two-dimensional arrangement of the blobs between the plates.
In our simulations, polymers with 100-300 monomers were used. It was observed that the effect of the finite size of the chains is not considerable. Our results on the accuracy of the blob model even for narrow slits and short chains can be very useful in the studies of polymers in confinement. Polymer confinement occurs in nanotechnology devices, such as nano-pore sequencing [3, 30] , DNA barcoding [5] and polymer separation devices [4] .
The main result of this manuscript was that the blob model is sometimes accurate beyond its theoretical limits, in practical situations. Considering that the blob model is used in many problems of polymer physics [25] , this result is applicable in different circumstances. A polymer adsorbed to a surface [23] or compressed on a surface by an external field [24] is confined to a region near the surface. For these problems with 2D confinement of the polymer, the above result can be used directly. However, for a polymer under external tension more caution is needed, since the blobs are arranged in 1D and the dynamics may be more sensitive to the number of monomers inside one blob.
